Plasmodium chabaudi adami causes a nonlethal infection in mice. We found that crisis, the time of rapidly dropping parasitemia, was abrogated by splenectomy, indicating the role of spleen in parasite killing. The factors that mediate spleen-dependent immunity are not known. An earlier study in Plasmodium berghei-infected rats showed an association between increased clearance of heat-treated erythrocytes and the onset of crisis [Wyler, D.
Plasmodium, as a result of its location within erythrocytes, evades the host recognition system in nucleated cells that presents antigen through major histocompatibility complex class I and class II pathways. The host, on its side, has evolved a highly sophisticated system in the spleen to kill intraerythrocytic parasites. One feature of the spleen that differs from other organs and may be responsible for parasite killing is the direct contact of blood with immune effectors in the extravascular beds. Blood flows in direct contact with immune effectors in two regions of the spleen: the marginal zone and the reticular meshwork of the red pulp. The marginal zone-the region between the white pulp and the red pulp-contains a vascular sinus (1) . Blood and microorganisms within the blood can pass through slits in the endothelium of the marginal zone sinus. Marginal zone macrophages (MZMs), located on the red pulp side of this sinus, ingest bacteria and other particulate matter (2) . The second potential site of contact between infected erythrocytes and effector cells is the red pulp, where arterioles open directly into the reticular meshwork through which blood percolates on its way to the collecting veins.
An acute, nonlethal plasmodial infection has two phases: a period of rapidly rising parasitemia (precrisis) followed by a period of falling parasitemia (crisis). Several studies have demonstrated the role of the spleen in the resolution of both primary and reinfection immunity (3) (4) (5) . In addition, splenectomy during crisis caused a rapid rise in parasitemia in Plasmodium berghei-infected rats (6) , indicating the role of the spleen in the effector phase of parasite killing. In this model, the clearance of intravenously injected, heat-treated erythrocytes by the spleen was reduced during precrisis, and injected microspheres were found in increased numbers within the venous sinuses of the spleen (7) . With the onset of crisis, the spleen again trapped heat-treated erythrocytes, and injected beads were found in increased numbers in the reticular meshwork in the red pulp. These studies, however, did not measure the clearance of infected erythrocytes.
Ultrastructural studies on Plasmodium yoelii in the mouse have shown the formation of a new splenic cell type, the barrier cell, during precrisis that may channel blood through the red pulp from the arteriole to the vein, producing a closed circulation (8, 9) . The barrier cells -disappeared during crisis. Based on these studies, it was proposed that the fall in parasitemia (crisis) is associated with a switch from a closed to an open circulation in the spleen.
In the present study, the distribution and uptake of infected erythrocytes and bacteria in the spleen were determined during both precrisis and crisis in order to delineate potential sites for effector mechanisms. We chose murine malaria, Plasmodium chabaudi adami, which causes a nonvirulent infection that is controlled by an antibody-independent, spleendependent mechanism (4) . mAbs against different populations of mononuclear phagocytes were used to identify splenic compartments, and Salmonella typhimurium was used to assess the functionality of the marginal zone. In addition, we monitored the flow of parasitized erythrocytes through the spleen during the precrisis and crisis periods. We found that bacteria were taken up by MZMs during both precrisis and crisis; infected erythrocytes were detected only in the red pulp.
MATERIALS AND METHODS
Mice. Female BALB/c mice were obtained from the National Institutes of Health (NIH) and from Charles River Breeding Laboratories and were housed at the NIH animal facility according to ref. 10 . Mice were 8-12 weeks old at the time of study.
Splenectomy. BALB/c mice infected with P. chabaudi adami were splenectomized during the crisis period when their parasitemia had decreased to between 5 and 0.5%. Mice were anesthetized for splenectomy with methoxyflurane (PittmanMoore, Washington Crossing, NJ). To determine the effect of surgery independent of splenectomy, infected mice underwent sham surgery; that is, the spleen was exposed but not removed.
Bacteria. An aroA mutant, ampicillin-resistant strain of S. typhimurium (SLA 33-2) was grown and processed as described (11 Cryosections of spleen were visualized by fluorescence microscopy as described (13 15 (Fig. 1) . The period of rising parasitemia is referred to as precrisis, and falling parasitemia is referred to as crisis. We present data comparing the uptake and distribution of injected parasitized erythrocytes and bacteria in the spleen during precrisis and crisis.
In an earlier study using the P. chabaudi adami model, splenectomy before infection has been shown to delay the resolution of primary infection (4). To specifically determine whether killing of parasites during crisis is spleen-dependent, we splenectomized P. chabaudi adami-infected mice on day 10 after infection, when parasitemia was rapidly falling. Following splenectomy, the parasitemia rose again and remained elevated until later in the infection; the parasites were eventually cleared (Fig. 1) (Fig. 3) . mAb ER-TR-9 i MZMs (17) . In our study, ER-TR-9 reacted with spleens but failed to react with the spleens from mic Marginal Zone Macrophages (0) precrisis and crisis and, as a result, could not be used to determine the distribution of bacteria and parasitized erythrocytes in the infected spleens. The failure of ER-TR-9 to react to MZMs is consistent with the observations of Stevenson and Kraal (18) who suggested that it was a consequence of loss of marginal zone during infection. We suggest that the lack of reactivity could be because the ER-TR-9 marker may have been down-regulated through P. chabaudi adami-induced cytokines (e.g., interferon y) or due to the complete synchronous renewal of MZMs. However, M1/70 positive cells were not seen in the marginal zone area, indicating that this last speculation is unlikely. mAb M1/70, which recognizes complement receptor 3 (19) , was used as a marker for the red pulp. Determinants recognized by M1/70 are widely distributed on polymorphonuclear leukocytes; monocytes in the red pulp; and CD5+, B220+, and IgM+ B cells (19) . We found that the number of M1/70-reactive cells in the red pulp decreased from normal to precrisis and further decreased during crisis (data not shown). Although we did not quantify the number of cells in the spleen during malaria, the decreased staining appeared to mirror the increase in the spleen size. We observed the presence of FA/11-reactive cells, a mAb that recognizes macrosialin (20) in macrophages, in the outer marginal zone (data not shown). This, and the presence of bacteria in this zone ( Fig. 3 and described (21) . It appeared that the function of the spleen in relation to the clearing of bacteria was not compromised during precrisis.
To study the distribution of bacteria in the spleen, the bacteria were surface-labeled with PKH26, a red fluorescent lipophilic dye that integrates into the membrane. The splenic compartments where PKH26-labeled bacteria localized was ascertained using the mAbs described above, and reactivity was visualized with a FITC-conjugated secondary antibody (green fluorescence). When the PKH26-labeled bacteria colocalized with the mAb-reactive cells and the two images were merged, a secondary yellow color occurred because of the overlapping of primary red and green colors. In the normal spleen, PKH26-labeled bacteria colocalized with ER-TR-9-labeled MZMs (Fig. 3) . Most of the injected bacteria were found between the SER-4-positive MMMs and M1/70-positive macrophages that are found in the red pulp. Because of the lack of reactivity of ER-TR-9 during infection, we were unable to use this direct marker for the MZMs of infected spleens. As the clearance of 51Cr-labeled Salmonella through the spleen during precrisis was greater than in the normal spleen and the uptake of PKH26-labeled bacteria in the marginal zone appeared normal (Fig. 3) , the function of the marginal zone-at least in its ability to clear bacteria-was normal throughout the acute malarial infection.
The Fate of P. chabaudi adami-Infected Erythrocytes. To determine the clearance of parasitized erythrocytes from blood and their uptake in the spleen, 51Cr-labeled parasitized erythrocytes were injected intravenously, and blood and spleen were collected 30 min later. Counts recovered from 100 ,ul of blood when converted to total blood volume approximated the total radioactivity injected. Counts in the blood in precrisis and crisis were not significantly different from the counts in normal animals; that is, about 100% of the counts were present in the blood.
Counts from parasitized erythrocytes in any organ are those distributed within the blood volume of that organ plus those retarded or trapped during their transit through the organ. The blood volume of the normal spleen is around 180 ,ullg of tissue (22) ; therefore, in a normal mouse whose spleen weighs approximately 0.1 g, the blood in the spleen would account for about 1% of the total blood volume. The spleen of normal mice had between 3.0 and 7.4% of the injected counts (Table 1) , indicating some retardation of infected erythrocytes in the spleen. There was a statistically significant increase in the counts during precrisis (P = 0.02; Table 1 ). The crisis spleen had counts similar to those of the normal spleen (P > 0.20; Table 1 ). Thus, there was no evidence of decreased numbers of parasitized erythrocytes in the spleen during precrisis and no evidence of increased splenic uptake of parasitized erythrocytes during crisis.
The distribution of parasitized erythrocytes within the spleen was determined by observation of PKH26-labeled infected erythrocytes 30 min after injection. In contrast to bacteria-most of which were distributed within the marginal zone-the parasitized erythrocytes were found primarily within the red pulp in normal, precrisis, and crisis spleens (Fig.  3) . The parasitized erythrocytes were mostly localized among M1/70-positive cells that are present in the red pulp but not found in the marginal zone (data not shown). A space separated the infected erythrocytes from the MMMs, indicating that they were not in the region of the MZMs. The PKH26-labeled infected erythrocytes did not superimpose on MZMs in the normal spleen (Fig. 3) .
DISCUSSION
The acute course ofP. chabaudi adami infection can be divided into two phases: a time of no or minimal immunity (rising parasitemia or precrisis) and a time of immunity (falling parasitemia or crisis). Our data show that splenectomy abrogates the immunity of crisis. The different immune mechanisms through which the spleen exerts its antiparasitic functions remain ill defined. It is likely to be related to the complex structure of the spleen as well as to the peculiarity of its vascular beds and blood flow. Two possible effector sites are the marginal zone and the red pulp, where macrophages and T cells can act as antiparasitic immune effectors. One approach to address the relative contribution of the effector sites was to monitor the early distribution of parasitized erythrocytes using phenotypic and functional markers of the outer marginal zone and red pulp. We show that parasitized erythrocytes are found in the red pulp. This is different from bacteria and other Table 1 . Percent of injected 51CR-labeled P. chabaudi adami-infected erythrocytes recovered in 100 ,ul of blood and whole spleen of normal mice and pre-crisis and crisis mice infected with P. chabaudi adami foreign particulate matter, which are trapped in the marginal zone (ref. 2 and present study). Furthermore, infected erythrocytes in normal mice and in mice undergoing crisis are seldom seen in the marginal zone, where bacteria are cleared in both normal and Plasmodium-infected mice (Fig. 3) . Therefore, the MZMs that are responsible for the clearance of bacteria such as S. typhimurium do not contribute to the control of the proliferation of Plasmodium through spleendependent mechanisms. The second important observation was the absence of a difference between the numbers of infected erythrocytes in the red pulp between crisis spleens and normal spleens. Furthermore, the numbers of infected erythrocytes in the red pulp during precrisis was increased, not decreased. This conclusion derives from studies on the quantitative distribution in the spleen and the qualitative localization in the red pulp (Table  1, Fig. 3 ).
Quinn and Wyler (6) , from their studies of P. berghei in the rat, showed that crisis was associated with a sudden rise in clearance of heat-treated erythrocytes and Heinz bodycontaining erythrocytes (7). They suggested that circulation through the spleen converts from an open circulation of the normal, uninfected animal to a closed circulation in precrisis. Crisis may be initiated by a reopening of the circulation in the red pulp. Weiss et al. (8) , studying P. yoelii in the mouse, proposed an ultrastructural basis for this shift in circulation during precrisis. During this period, the reticular cells in the red pulp become highly activated, and their processes form a tightly knit meshwork that channels blood directly from the artery into the vein. Thus, a blood-spleen barrier is formed, causing limited access of blood into the filtration beds. These barrier cells disappeared during crisis, and normal blood circulation was restored.
Two differences exist between mouse spleen and rat or human spleen. The mouse spleen has no arteriovenous shunts, and the spleen is nonsinusal (24, 25) . Do these differences invalidate the mouse model for the study of events in the spleen as they relate to human malaria? The spleen is critical in all malarias in all animals studied. Its function has rarely been studied precisely during crisis, but-in both P. chabaudi adami-mouse ( Fig. 1) and P. berghei-rat models (7)-splenectomy during crisis abrogated immunity in that parasitemia again rose. The fact that the mouse can control the infection through splenic mechanisms is not surprising, since the survival of mice in nature requires the ability to handle intraerythrocytic infections such as Babesia spp., Plasmodium spp. and bacterial infections of the erythrocyte. Are there multiple spleen-dependent mechanisms of immunity against malaria that are redundant? Alternatively, both use cellular mechanisms in the red pulp that kill infected erythrocytes. The rat and human spleen may have an additional layer of complexity that involves arteriovenous shunting that affects exposure to these killing mechanisms.
We have shown that parasitized erythrocytes are not trapped in the red pulp extravascular spaces during crisis. In addition, the parasitized erythrocytes avoid a fully functional marginal zone. Our findings raise the possibility that some alteration in the spleen, other than dramatic changes in microcirculation, is critical for the killing of parasites. One such mechanism may be a change in effector cells such as macrophages in the red pulp during crisis.
